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Caloric intake influences metabolic homeostasis, somatic maintenance, tissue regeneration, and longevity
in metazoans. Recent studies indicate that nutrient-dependent changes in stem cell populations play an
important role in these effects. Here, we review the emerging picture of how nutrient-sensing pathways affect
stem cell behavior, providing a mechanism to influence life span.Over the last century, dietary restriction (DR) has emerged as the
most robust environmental intervention to extend life span in
organisms ranging from yeast to humans. DR, defined as
reduced caloric intake without malnutrition, not only extends
life span but also prolongs the health of the organism by
improving metabolic homeostasis and decreasing the incidence
of degenerative diseases and cancer (Katewa and Kapahi, 2010;
Mair and Dillin, 2008). DR is thought to trigger an evolutionarily
ancient adaptive response to changes in the environment,
allowing the shift of energy resources from anabolism and repro-
duction to somatic maintenance. Accordingly, a number of
nutrient-responsive signaling pathways have been implicated
in mediating the life span effects of DR, most prominently the
insulin/insulin-like growth factor (IGF) signaling (IIS) and the
target of rapamycin (Tor) pathways (Katewa and Kapahi, 2010;
Mair and Dillin, 2008).
Recent studies in metazoan model organisms suggest that
changes in nutritional conditions significantly impact function
and maintenance of somatic and germline stem cell (GSC)
populations, indicating that the life span effects of DR could be
attributed in part to improved proliferative homeostasis and
maintenance of stem cell populations. Such contributions are
supported by a link between GSC function and life span that
has been established in flies and worms and that appears to
rely on endocrine signaling to coordinate germline activity with
somaticmaintenance (Arantes-Oliveiraet al., 2002;HsinandKen-
yon, 1999; Pinkston et al., 2006; Wang et al., 2008; Flatt et al.,
2008; Angelo and Van Gilst, 2009; Mair et al., 2010; Drummond-
Barbosa and Spradling, 2001; Hsu and Drummond-Barbosa,
2009; reviewed in Drummond-Barbosa, 2008). To assess the
significance of these contributions for DR-induced life span
extension, a thorough understanding of the changes in stem cell
function in response to nutrient-sensing signaling is required.
Here, we review recent advances in our understanding of the
effects of nutritional conditions and metabolic status on stem
cell function, focusing on studies in genetically tractable model
organisms in which stem cells can be easily identified and
manipulated in vivo. Based on the conservation of signaling
mechanisms influencing stem cell function in worms, flies, and
mice, we predict that these recent findings will provide new
paradigms for stem cell biology and have important implications
for human health.A Link between GSCs and Longevity
Numerous studies in Caenorhabditis elegans (C. elegans)
suggest the existence of a complex network of endocrine
interactions between GSCs and the soma that coordinates
reproduction and somatic maintenance according to nutritional
conditions (Arantes-Oliveira et al., 2002; Hsin and Kenyon,
1999; Pinkston et al., 2006; Wang et al., 2008). Ablation of
GSCs, but not the entire gonad, extends life span, suggesting
that GSCs promote aging of the organism and that somatic cells
in the gonad are required for the life span extension observed in
GSC-ablated animals (Arantes-Oliveira et al., 2002; Hsin and
Kenyon, 1999). Consistent with these observations, GSC
overproliferation is deleterious and is inhibited by longevity-
promoting mutations (Pinkston et al., 2006). Interestingly,
GSCs can influence metabolic homeostasis in worms directly
through endocrine mechanisms (Wang et al., 2008). Worms in
which GSCs have been laser ablated, or that carry mutations
that disrupt GSC maintenance (lag) or proliferation (glp-1),
exhibit a significant decrease in overall body lipid storage. This
decrease is caused by transcriptional upregulation of a triglyc-
eride lipase in the worm intestine, resulting in leaner, long-lived
animals (Wang et al., 2008).
Recent work in Drosophila melanogaster indicates that these
endocrine effects of GSCs may be evolutionarily conserved.
Ablation of the germline by forced differentiation of GSCs was
found to extend life span in males and females (Flatt et al.,
2008). GSC loss influenced metabolic homeostasis, resulting in
hypoglycemia, while at the same time causing changes in IIS
activity that are reminiscent of insulin resistance (Flatt et al.,
2008). However, ablation of the germline by use of maternal
effect mutations that result in progeny with a precociously
absent or significantly reduced germline does not affect life
span significantly, indicating that, as in the worm, life span
extension by loss of GSCs is dependent on complex variables,
such as timing of germline loss, presence of somatic cells in
the gonad, genetic background, and diet (Barnes et al., 2006).
Further work is needed to clearly establish the life span effects
of GSCs in Drosophila and, importantly, to determine the
molecular mechanisms and endocrine factors by which GSCs
influence metabolic homeostasis and life span in flies.
The described effects of the germline on life span may be
conserved in vertebrates, as transplantation studies have shownCell Metabolism 12, December 1, 2010 ª2010 Elsevier Inc. 561
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recipients significantly (Cargill et al., 2003; Mason et al., 2009).
While the role of developing oocytes (as opposed to the
ovarian soma) in this effect remains unclear, it underlines the
systemic consequences of ovarian function and suggests that
maintenance of this tissue has significant beneficial effects for
metazoans.
Impact of Nutritional Status on GSC Maintenance
and Function
The overall nutritional state of the organism influences prolifera-
tive activity and maintenance of GSCs, pointing to the intriguing
possibility that DR-induced life span extension might, in part, be
a consequence of changes in this cell population. Recently, the
discovery of a phenomenon termed adult reproductive diapause
(ARD) in C. elegans has highlighted the significant impact of
nutritional status on GSC function (Angelo and Van Gilst,
2009). Starvation initiated at the early L4 larval stage results in
dramatic reduction of the germline. Interestingly, a small popula-
tion of quiescent GSCs is maintained throughout the ARD
period, which is able to regenerate a full germline upon refeed-
ing. This process allows adult worms to delay reproductive onset
15-fold and contributes to the life span extension of nutritionally
deprived worms. ARD is regulated, in part, by the nuclear
receptor NHR-49, suggesting the involvement of an as yet
unknown hormonal factor. Further supporting a role for the
nutritional status in the regulation of GSC function in C.elegans,
it was found that GSC proliferation is regulated by the nutrient-
sensing IIS pathway, and that reduced IIS activity prevents
GSC tumor growth by limiting GSC proliferation and promoting
apoptosis (Pinkston et al., 2006). Furthermore, nutritional condi-
tions also influence the consequences of germline ablation for
C.elegans life span: while germline ablation extends life span
robustly under normal conditions, in dietary restricted animals,
the same manipulation can have positive or negative conse-
quences on life span, depending on genetic backgrounds
(Crawford et al., 2007).
In Drosophila males, it was found that DR conditions that
extend life span delay the age-associated loss of GSCs (Mair
et al., 2010). A similar study assessing GSC maintenance under
life span extending DR conditions has not yet been performed in
female flies. However, it was recently reported that placing
female flies on a poor diet consisting of molasses and agar
increases the rate of GSC loss during aging (Hsu and Drum-
mond-Barbosa, 2009). The effects of nutrient-sensing signaling
pathways that regulate female GSC function have been explored
extensively. Germline and somatic stem cells in the Drosophila
ovary adjust their proliferation rates to nutritional conditions,
resulting in significant variations in egg production in response
to changes in yeast content in the food (Drummond-Barbosa
and Spradling, 2001). IIS activity is required for this response,
which is consistent with its ability to regulate the proliferation
of GSCs, in both females and males (LaFever and Drummond-
Barbosa, 2005; Hsu et al., 2008; Ueishi et al., 2009; McLeod
et al., 2010). Systemic reduction of IIS activity, by ablation of
insulin-producing cells in the Drosophila brain, or deletion of
the insulin receptor (InR) in GSCs, reduces female GSC prolifer-
ation rates (LaFever and Drummond-Barbosa, 2005). In addition,
IIS activity also influences GSC maintenance in a nonautono-562 Cell Metabolism 12, December 1, 2010 ª2010 Elsevier Inc.mous manner by regulating the interaction between GSCs and
the surrounding environment, known as the local stem cell niche
(Hsu and Drummond-Barbosa, 2009). IIS regulates the number
of somatic niche support cells in the ovary, known as cap cells,
as well as the expression of the cell-cell adhesion molecule
E-cadherin in cap cells, thus influencing both the size of the niche
and the adhesion of GSCs to these key support cells (Hsu and
Drummond-Barbosa, 2009).
Recent work has further established the role of Tor signaling in
the regulation of GSC and somatic stem cell maintenance and
function in the Drosophila ovary. Interestingly, Tor signaling
promoted germline and somatic stem cell proliferation indepen-
dently of insulin signaling (LaFever et al., 2010). Furthermore, this
study pointed to specific differences between GSCs and
somatic stem cells: in GSCs, Tor activity was required for both
maintenance and proliferation, whereas in somatic stem cells,
Tor was only required for proliferation. Surprisingly, both loss
and enhanced Tor activity (via loss of the negative regulators,
tuberous sclerosis complex 1/2) resulted in GSC loss, potentially
as a result of precocious differentiation. Therefore, a proper
balance of Tor signaling activity appears to be critical for long-
term GSC function. These data are supported by a second
recent study suggesting that Tor signaling can promote differen-
tiation of GSCs and that the TSC1/2 complex is required in GSCs
to inhibit Tor-mediated premature differentiation (Sun et al.,
2010). This inhibition of GSC differentiation by TSC1/2 seems
to be achieved in part by sustaining high levels of BMP signaling
activity in these cells, which is required for female GSC mainte-
nance and proliferation (reviewed in Voog and Jones, 2010).
In Drosophila males, mutations in InR or the insulin receptor
substrate, chico, lead to a decrease in GSCs and germline
proliferation (Ueishi et al., 2009), and germline clonal analysis
indicates that, in contrast to females, InR is required cell auton-
omously for maintenance of male GSCs (LaFever and Drum-
mond-Barbosa, 2005; Hsu et al., 2008; Ueishi et al., 2009;
McLeod et al., 2010). Furthermore, protein deprivation leads to
a loss of male GSCs, which is suppressed by constitutive activa-
tion of InR in GSCs and adjacent niche support cells (McLeod
et al., 2010). Similar to what was observed in C. elegans during
adult reproductive diapause, when the flies were refed a
protein-containing diet, GSC number increased to levels similar
to ad libitum-fed controls, suggesting that a small pool of stem
cells remains to replenish the GSC population once favorable
nutritional conditions resume (Angelo and Van Gilst, 2009;
McLeod et al., 2010).
Metabolic Regulation of Somatic Stem Cell Behavior
While nutrient-sensing signaling pathways clearly influence GSC
proliferation and maintenance, our understanding of how these
effects affect overall life span of the organism is complicated
by the complex endocrine interactions between soma and
germline. For somatic stem cell populations, on the other
hand, a simpler relationship between stem cell function, nutri-
tional status and longevity is emerging from recent work in flies
and mice.
Foxo proteins, the downstream transcription factors activated
in conditions of low IIS activity, promote quiescence, long-term
maintenance and regenerative capacity of a variety of somatic
stem cell populations in flies and mice. In the Drosophilamidgut,
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cells (ISCs) (Amcheslavsky et al., 2009; Biteau et al., 2010). ISCs
respond to oxidative stress, inflammation, and infection by
initiating a proliferative response that is required for tissue regen-
eration. A dysregulated regenerative response, however, can
lead to ISC hyperproliferation and intestinal dysplasia, a pheno-
type that is observed in aging animals (Biteau et al., 2008; Choi
et al., 2008). IIS activity is required for ISC proliferation and is,
therefore, capable of influencing the proliferative response of
ISCs to tissue damage and the extent of age-related intestinal
dysplasia. Accordingly, moderate reduction of IIS activity or
overexpressing cytoprotective Foxo target genes in the ISC
lineage is sufficient to limit ISC proliferation, thus promoting
intestinal homeostasis of the fly and extending life span (Biteau
et al., 2010). How these phenotypes are influenced by the
nutritional status of the animal remains to be established, but it
has been shown that neurosecretory cells in the fly brain, which
express insulin-like peptides, can influence ISC proliferation and
age-related dysplasia, providing a potential mechanism by
which information about the systemic nutritional status is relayed
to the intestinal epithelium (Amcheslavsky et al., 2009; Biteau
et al., 2010).
The importance of Foxo in the control of stem cell quiescence
is underscored by the fact that this function is conserved in
mammalian hematopoietic stem cells (HSCs) and neuronal
progenitor cells (NPCs) (Renault et al., 2009; Tothova and
Gilliland, 2007; Tothova et al., 2007). This function of Foxo is
mediated, in part, by its ability to regulate antioxidant gene
expression, as Foxo mutant HSCs exhibit increased levels of
reactive oxygen species (ROS). Furthermore, treatment with
the free radical scavenger N-acetyl cysteine (NAC) is sufficient
to rescue the Foxo loss-of-function phenotypes (Renault et al.,
2009; Tothova and Gilliland, 2007; Tothova et al., 2007).
Future research is needed to establish whether DR can
promote somatic stem cell function by influencing the activity
of IIS inmammalian systems. However, the decreased incidence
in a variety of cancers in dietary restrictedmice suggests that DR
might indeed promote maintenance and quiescence of stem
cells, thus supporting long-term tissue homeostasis (Kalaany
and Sabatini, 2009; Weindruch and Walford, 1982).
Metabolic Signaling and Self-Renewal Pathways
Stem cell self-renewal, maintenance, and differentiation are
ultimately regulated by the integration of local and systemic
signals with intrinsic factors that act autonomously to influence
stem cell behavior. While the studies discussed above confirm
the importance of key nutrient signaling pathways in the regula-
tion of stem cell behavior, it is not clear whether these pathways
act in parallel or in collaboration with other characterized
self-renewal pathways to coordinate tissue homeostasis with
the general metabolic state of the animal. In a recent study,
Hsu and Drummond-Barbosa report that IIS activity in the
Drosophila ovary decreases with age (Hsu and Drummond-
Barbosa, 2009), providing the possibility that this decrease could
underlie several of the aging-related changes to stem cells and
the niche observed previously (Pan et al., 2007). Notch (N)
signaling, which regulates the number of somatic support cells
in the ovary, is decreased in ovaries from InR mutant flies.
Overexpression of an activated form of N, in turn, rescued theaging-related decline in support cells and GSCs, indicating
that IIS acts upstream to regulate N signaling in the ovary (Hsu
and Drummond-Barbosa, 2009). Therefore, an aging-related
decline in IIS could lead to changes in the niche and, ultimately,
GSC behavior or maintenance. These studies provide a provoc-
ative connection between the misregulation of metabolic
signaling and the decline of stem cell function in aging animals
that goes beyond mere regulation of stem cell proliferation by
the IIS pathway.
Similar to the female germline, aging also results in changes
to stem cells and the niche in the Drosophila testis. For example,
aging results in a dramatic decline in expression of the key self-
renewal factor and ligand for the JAK/STAT signaling pathway,
Unpaired, in niche support cells (Boyle et al., 2007; Cheng
et al., 2008; reviewed in Voog and Jones, 2010). Although IIS
clearly affects spermatogenesis and GSC behavior, an aging-
related decrease in IIS activity in the testis has not been reported,
and genetic interactions between IIS and the JAK-STAT pathway
in this tissue remain to be tested (Ueishi et al., 2009).
In the intestine, ectopic activation of N signaling accompanies
the age-related overproliferation of ISCs (Biteau et al., 2008). In
young flies, N is activated in ISC daughter cells (enteroblasts,
EBs) in response to Delta (Dl) expression in ISCs, and N signaling
is required for proper differentiation of EBs. In old flies, the segre-
gation between Dl expression and N activation between ISCs
and EBs is lost, leading to the accumulation of cells that exhibit
N activation, while maintaining Dl expression. The accumulation
of such misdifferentiated cells significantly contributes to the
age-related dysplasia observed in old guts (Biteau et al., 2008).
While ectopic Dl expression in the ISC lineage can be caused
by stress-mediated activation of the Jun-N-terminal Kinase
pathway, the relationship between age-related changes in IIS
activity and misregulation of Dl/N signaling in this tissue remains
to be established.
Elucidation of the ways in which nutrient-sensing signaling
pathways can directly or indirectly impact signaling pathways
regulating self-renewal and differentiation of stem cells is
expected to provide essential tools tomaintain stem cell function
in the face of aging-related and pathologic changes in metabo-
lism, such as in individuals suffering fromdiabetes andmetabolic
syndrome. Importantly, the role of additional nutrient-sensing
pathways in the control of stem cell function must also be char-
acterized. For example, the Sir2/SIRT1 family of NAD+-depen-
dent deacetylases is proposed to underlie many of the health
benefits of DR. Although studies exploring a direct role for
Sirtuins in influencing stem cell behavior have not been reported,
it is likely that this family of enzymes will play an important role in
regulating tissue homeostasis (Firestein et al., 2008; Guarente
and Picard, 2005).
Goal for the Future: Influencing Life Span by Optimizing
Stem Cell Function
The essential role of somatic stem cells in maintaining tissue
homeostasis and the proproliferative role of IIS in these cells
appear at odds with the well-established, negative role of the
IIS and Tor pathways on longevity. Similarly, the positive effect
of DR on life span and GSC maintenance in Drosophila males
contrasts with the life span extension observed in GSC-ablated
animals and with the positive effects of IIS on GSCmaintenance.Cell Metabolism 12, December 1, 2010 ª2010 Elsevier Inc. 563
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Figure 1. Model: Caloric Intake, Stem Cell Function, and Life Span
Elevated caloric intake (ad libitum, AL) results in chronically elevated IIS
activity, causing loss of proliferative homeostasis in GSC and somatic stem
cell populations. This correlates with decreased life span of the animal. Dietary
restriction (DR) promotes GSC maintenance and improves proliferative
homeostasis of somatic stem cell populations due to moderate reduction in
IIS activity. Maximum life span is achieved under these conditions. Malnutri-
tion, in turn, impairs regenerative processes and stem cell maintenance as
a result of excessively reduced IIS activity, resulting in shorter life span.
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the link between nutrient intake, stem cell function, and longevity
is to be understood.
The old adage ‘‘everything in moderation’’ may be a key to
understanding these relationships. Complete loss of IIS sig-
naling, as well as a poor diet, dramatically slows proliferation
of GSCs and ISCs and affects GSC maintenance in the fly (Hsu
and Drummond-Barbosa, 2009; Biteau et al., 2010; McLeod
et al., 2010). In contrast, hyperactivation of IIS causes excessive
proliferation of ISCs, triggering dysplasia in the fly intestine
(Amcheslavsky et al., 2009; Biteau et al., 2010), and loss of
Foxo negatively impacts NSC and HSC behavior in mammals
(Renault et al., 2009; Tothova and Gilliland, 2007; Tothova
et al., 2007). Therefore, it appears that an optimal level of IIS
activity is required to maintain adequate stem cell number and
function: too little signaling decreases SC self-renewal and
maintenance, while too much activity perturbs proliferative
homeostasis of stem cell lineages. Accordingly, moderate
reduction of IIS activity in the ISC lineage of Drosophila is
sufficient to promote epithelial homeostasis and extend life
span (Biteau et al., 2010). Therefore, it is likely that this optimal
level of IIS is achieved during DR and could contribute to GSC
maintenance (Mair et al., 2010).
In the context of this model, the impact of GSCs on longevity
can be re-evaluated. It is possible that the mere presence of
GSCs in the gonad does not negatively influence life span.
Instead, GSC proliferation, and any accompanying endocrine
signaling as a consequence of proliferation, may be the costly
attribute of maintaining a germline. Thus, the key role that
metabolic pathways may play in regulating stem cell behavior
is that of a rheostat to modulate stem cell proliferation
throughout life and correlate tissue homeostasis with constant
fluctuations in metabolic status (Figure 1). Short-lived model
organisms in which life span can be analyzed efficiently and564 Cell Metabolism 12, December 1, 2010 ª2010 Elsevier Inc.stem cell function can be manipulated in a tissue and tem-
poral-specific manner will be key in exploring and testing this
model and in providing insights into the molecular mechanisms
linking nutrient intake, stem cell function, and longevity. While
it is clear that invertebrate model systems may imperfectly
represent the conditions and the complexities found in
vertebrate stem cell populations, it is equally clear that many
fundamental signaling interactions and regulatory mechanisms
are evolutionarily conserved. Thus, the insights obtained in
such studies will be critical to design focused studies in verte-
brate model systems to probe the connection between stem
cell function, tissue maintenance and aging in vertebrates,
including humans.
ACKNOWLEDGMENTS
We would like to thank D. Drummond-Barbosa for comments on the
manuscript and apologize to those colleagues whose work could not be
referenced directly due to space constraints. H.J. is funded by the Ellison
Medical Foundation, NYStem, the Glenn Foundation, and the NIH. D.L.J. is
funded by the Emerald Foundation, the G. Harold and Leila Y. Mathers
Charitable Foundation, the ACS, CIRM, and NIH.
REFERENCES
Amcheslavsky, A., Jiang, J., and Ip, Y.T. (2009). Cell Stem Cell 4, 49–61.
Angelo, G., and Van Gilst, M.R. (2009). Science 326, 954–958.
Arantes-Oliveira, N., Apfeld, J., Dillin, A., and Kenyon, C. (2002). Science 295,
502–505.
Barnes, A.I., Boone, J.M., Jacobson, J., Partridge, L., and Chapman, T. (2006).
Proc. Biol. Sci. 273, 939–947.
Biteau, B., Hochmuth, C.E., and Jasper, H. (2008). Cell Stem Cell 3, 442–455.
Biteau, B., Karpac, J., Supoyo, S., Degennaro,M., Lehmann, R., and Jasper, H.
(2010). PLoS Genet. 6, e1001159.
Boyle, M., Wong, C., Rocha, M., and Jones, D.L. (2007). Cell Stem Cell 1,
470–478.
Cargill, S.L., Carey, J.R., Mu¨ller, H.G., and Anderson, G. (2003). Aging Cell 2,
185–190.
Cheng, J., Tu¨rkel, N., Hemati, N., Fuller, M.T., Hunt, A.J., and Yamashita, Y.M.
(2008). Nature 456, 599–604.
Choi, N.H., Kim, J.G., Yang, D.J., Kim, Y.S., and Yoo,M.A. (2008). Aging Cell 7,
318–334.
Crawford, D., Libina, N., and Kenyon, C. (2007). Aging Cell 6, 715–721.
Drummond-Barbosa, D. (2008). Genetics 180, 1787–1797.
Drummond-Barbosa, D., and Spradling, A.C. (2001). Dev. Biol. 231, 265–278.
Firestein, R., Blander, G., Michan, S., Oberdoerffer, P., Ogino, S., Campbell, J.,
Bhimavarapu, A., Luikenhuis, S., de Cabo, R., Fuchs, C., et al. (2008). PLoS
ONE 3, e2020.
Flatt, T., Min, K.J., D’Alterio, C., Villa-Cuesta, E., Cumbers, J., Lehmann, R.,
Jones, D.L., and Tatar, M. (2008). Proc. Natl. Acad. Sci. USA 105, 6368–6373.
Guarente, L., and Picard, F. (2005). Cell 120, 473–482.
Hsin, H., and Kenyon, C. (1999). Nature 399, 362–366.
Hsu, H.J., and Drummond-Barbosa, D. (2009). Proc. Natl. Acad. Sci. USA 106,
1117–1121.
Hsu, H.J., LaFever, L., and Drummond-Barbosa, D. (2008). Dev. Biol. 313,
700–712.
Kalaany, N.Y., and Sabatini, D.M. (2009). Nature 458, 725–731.
Cell Metabolism
MinireviewKatewa, S.D., and Kapahi, P. (2010). Aging Cell 9, 105–112.
LaFever, L., and Drummond-Barbosa, D. (2005). Science 309, 1071–1073.
LaFever, L., Feoktistov, A., Hsu, H.J., and Drummond-Barbosa, D. (2010).
Development 137, 2117–2126.
Mair, W., and Dillin, A. (2008). Annu. Rev. Biochem. 77, 727–754.
Mair, W., McLeod, C.J., Wang, L., and Jones, D.L. (2010). Aging Cell 9,
916–918.
Mason, J.B., Cargill, S.L., Anderson, G.B., and Carey, J.R. (2009). J. Gerontol.
A Biol. Sci. Med. Sci. 64, 1207–1211.
McLeod, C.J., Wang, L., Wong, C., and Jones, D.L. (2010). Curr. Biol., in press.
Published online November 3, 2010. 10.1016/j.cub.2010.10.038.
Pan, L., Chen, S., Weng, C., Call, G., Zhu, D., Tang, H., Zhang, N., and Xie, T.
(2007). Cell Stem Cell 1, 458–469.
Pinkston, J.M., Garigan, D., Hansen, M., and Kenyon, C. (2006). Science 313,
971–975.Renault, V.M., Rafalski, V.A., Morgan, A.A., Salih, D.A., Brett, J.O.,Webb, A.E.,
Villeda, S.A., Thekkat, P.U., Guillerey, C., Denko, N.C., et al. (2009). Cell Stem
Cell 5, 527–539.
Sun, P., Quan, Z., Zhang, B., Wu, T., and Xi, R. (2010). Development 137,
2461–2469.
Tothova, Z., and Gilliland, D.G. (2007). Cell Stem Cell 1, 140–152.
Tothova, Z., Kollipara, R., Huntly, B.J., Lee, B.H., Castrillon, D.H., Cullen, D.E.,
McDowell, E.P., Lazo-Kallanian, S., Williams, I.R., Sears, C., et al. (2007). Cell
128, 325–339.
Ueishi, S., Shimizu, H., and H Inoue, Y. (2009). Cell Struct. Funct. 34, 61–69.
Voog, J., and Jones, D.L. (2010). Cell Stem Cell 6, 103–115.
Wang, M.C., O’Rourke, E.J., and Ruvkun, G. (2008). Science 322, 957–960.
Weindruch, R., and Walford, R.L. (1982). Science 215, 1415–1418.Cell Metabolism 12, December 1, 2010 ª2010 Elsevier Inc. 565
